This paper presents a nonlinear imaging method based on nonlinear elastic guided waves, for the damage detection and localisation in a composite laminate. The proposed technique relies on the study of the structural nonlinear responses by means of a combination of second order phase symmetry analysis with chirp excitation and inverse filtering method. Phase symmetry analysis was used to exploit the invariant properties of the propagating elastic waves with the phase angle of the pulse compressed chirp signals, in order to characterise the second order nonlinear behaviour of the medium. Then, the inverse filtering approach was applied to a library of second order nonlinear responses to obtain a two-dimensional image of the damage. The experimental tests carried out on an impact damage composite sample were compared to standard C-scan. The results showed that the present technique allowed achieving the optimal focalisation of the nonlinear source in the spatial and time domain, by taking advantage of multiple scattering and a small number of receiver sensors.
I. INTRODUCTION
Developments in carbon fibres reinforced plastic materials have allowed a radical advancement in lightweight aerospace applications. However, these components are sensitive to low velocity impact damage that can considerably degrade the structural integrity and, if not detected, it might result in catastrophic failures [1] , [2] . Over the last few decades, innovative ultrasonic guided waves (GW) inspection methods, based on the analysis of material nonlinear elastic effects, were developed for the detection and localisation of structural defects such as micro-cracks, delaminations, weak adhesive bonds, etc... [3] , [4] . Among them, nonlinear elastic wave spectroscopy (NEWS) [5] , [6] [7], [8] , and phase symmetry analysis (PSA) techniques [9] , [10] were used to explicitly interrogate the nonlinear behaviour of the medium and its effect on the wave propagation.
Indeed, by using either mono-or bi-harmonic excitation, sum and difference frequencies in addition to higher harmonics and sub-harmonics of the fundamental frequencies can be generated. Particularly, in damaged media such as aluminium, steel, composite laminates and numerous others, the nonlinear interaction of elastic waves with the structural defect can be treated as an expansion of the elastic energy as a power series with respect to the strain [11] . As a result, the contribution of the second order nonlinear effect in the acquired spectrum becomes dominant with respect to other harmonics, as the second harmonic amplitude is quadratic with the fundamental one. In addition, both experimental and numerical evidence [12] , [13] , [14] , [15] , [16] , [17] , showed that such a nonlinear effect can be due to the clapping contacts of the internal interfaces of a micro-crack or delamination [18] , [19] . Hence, the second order nonlinear harmonic can be used to univocally indicate the presence of structural defects within the material.
In the last few years, NEWS and PSA methods were combined with time reversal acoustic (TRA) technique in order to perform a nonlinear imaging method (NIM) capable of identifying and localising the structural damage [10] , [20] , [21] . Indeed, due to the time invariance and spatial reciprocity of the wave equation, in a TRA experiment an input signal either from a primary source (impact point) or a secondary one (linear/nonlinear scatterer) can be focused back to the original excitation point [22] , [23] , [24] , [25] . TRA process is usually divided into two steps, i.e. a forward and a backward propagation step. In the former step, the elastic waves diverging from the source are recorded by a set of surface bonded piezoelectric transducers. In the backward step, the acquired output is reversed in the time domain and re-emitted back onto the excitation point by using the benefit of a diffuse wave field (known as kaleidoscopic effect) [26] .
However, even though spatial reciprocity and TRA invariance hold in diffuse wave fields or anisotropic media, nonlinear attenuation with the wave amplitude may induce distortions of the elastic wave front propagating into the structure. These effects may break the time reversal symmetry making the re-focusing process difficult to be interpreted [27] , [28] . However, recent literature [29] showed that the inverse filtering (IF) method associated with PSA analysis allowed the recovery of the optimal refocusing at the defect location, even in dissipative media. As an example, Ciampa and Meo [10] illustrated the capability of IF and third order PSA to retrieve the damage position on a damaged composite sandwich panel showing hysteretic behaviour. This paper presents a NIM aimed at detecting and localising the second order nonlinearity into a damaged carbon fibre reinforced plastic (CFRP) laminate using only two sensors in pitch-catch mode. The proposed technique relies on a combination of IF and second order PSA with chirp excitation, in order to obtain the optimal refocusing at the nonlinear 4 scatterer location due to the presence of delamination. The efficiency of this methodology is experimentally demonstrated on a composite panel undergone to impact loading, confirming that the damage location can be retrieved with high level of accuracy. Section II describes the principles of the proposed nonlinear imaging method whilst Section III reports the experimental set-up. Section IV illustrates the imaging results of the damage location on a damaged composite laminate. Then, the conclusions of this research work are presented. In each of the m (1≤m≤M) excitation points a longer duration linear chirp signal x(t) with a broad frequency band, B, ranging between 90 and 160 kHz and duration, T, of 1 ms was transmitted [ Fig. (2) ]. Since the time-bandwidth product TB is sufficiently large (TB > 15), the signal's spectrum in figure (2b) is assumed to be approximately a rectangular distribution. Then, a weighted matched filter (mismatched filter) was performed as it allows converting the transmitted signal into a band-limited pulse of greater peak power. Indeed, a mismatched filter consists of a correlation between the received and the transmitted chirp signals, and it can be expressed by the following equation [30] :
II. PRINCIPLES OF THE NONLINEAR IMAGING METHOD
wherein e(t) is the new input signal to be time reversed from each excitation point, t is a temporal delta function distribution, C() is the Fourier transform of the transmitted chirp waveform with null phase angle , HMF()=W()C * (), where W() is the Fourier transform of the window function (Blackman), and the star symbol "*" corresponds to complex conjugate operation. The window function was used to shape the transmitted pulse envelope in order to reduce the resulting sinc side-lobes [31] .
Assuming the excitation signal defined by Eq. (1), the nonlinear behaviour of the medium can be described through a nonlinear system, and the output f(t) received by the sensor placed in the far field of the focusing area can be expressed through a Volterra functional series as follows [10] , [32] : i.e. when m=m0. Therefore, the focusing on the nonlinear scattering source can be obtained through a nonlinear "virtual" IF experiment.
III. EXPERIMENTAL SET-UP
The experiments were carried out on a composite CFRP plate with dimensions showed a circular damaged area with a radius of 10 mm composed by two internal flaws (represented by a white colour area) and an "apparent" undamaged zone in the middle.
Since the protrusion occurred as a result of impact loading, the ultrasonic C-scan was not able to detect the damaged area beneath this protrusion due to poor acoustic impedance. Moreover, due to the long reverberation present in the signal, a T = 2 ms duration time window was selected. The time histories of the measured signals were stored on a computer memory.
IV. NONLINEAR IMAGING RESULTS
According to Section II, the refocusing wave field at the damage location (placed at As illustrated in Fig. (6) , the structural damage was detected in both cases with high level of accuracy. Hence the IF method in combination with PSA analysis was able to enhance the focusing efficiency with a grid spacing of 1 cm, even using one receiver transducer.
Moreover, compared to other ultrasonic techniques for the imaging of the structural damage, this methodology not only needs a simple signal processing to locate the nonlinear source (with computational time less than 1 sec), but also it does not require any numerical routines to solve nonlinear system of equations, as well as a priori knowledge of the mechanical properties and the dispersion behaviour of the elastic GW.
Future work is ongoing to extend this nonlinear imaging method to the detection and localisation of multiple damages.
V. CONCLUSIONS
Advanced composite materials are widely used in many sectors such as aerospace, marine, rail and automotive due to their high resistance to fatigue and corrosion, as well as their high strength to weight ratio. However, unlike metallic media, which are homogeneous and dissipate energy through yielding, composite structures are relatively brittle and exhibit weak interfacial strength between laminas. Indeed, due to their fragility to foreign object impacts, composite laminates present challenges for damage detection as much of the flaw is often interlaminar (e.g. sub-surface delamination, matrix cracking, fibre debonding or fracture, etc…) and not readily detectable. This paper presented an ultrasonic method for the detection of delamination in a composite structure showing primarily second order nonlinear elastic behaviour. Phase symmetry analysis, along with chirp excitation signal was used to characterise the second order nonlinearity of the material by exploiting its invariant properties with the phase angle of the input waveforms. Then, a "virtual" inverse filtering imaging process, using only one receiver sensor, was used to "illuminate" the damaged zone. The robustness of this technique was experimentally demonstrated on a carbon fibre reinforced plastic panel undergone to impact loading. The results showed the effectiveness of this nonlinear imaging technique as it allowed achieving a perfect identification of the damage location.
